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Figure 11 - Compressor Thermal Response as a function 
of temperature change. 
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Figure 12 - Siderostat OPD change with time after 
subtracting diurnal variations of compressor using 8 
nm/K and average temperature of 5? Thermometers 
distributed on the compressor. 

6. SIDEROSTA’E MODELING AND VALIDATION 

Model 

Ideas TMG was the chosen thermal package because of its 
level of integration with the structures and CAD 
communities on SIM. The mK thermal model shared 
direct associativity with CAD geometry in a Teamcenter 
CAD database. This ensured that the thermal, structures, 
and optical models would all be based off of one solid 
model representation and that all hardware representations 
in the models would occupy the same positions in space. 

Figure 13 shows an exploded view of the mK thermal 
model of the SID. 
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Figure 13 - mK Thermal model of the SID. 

The SID mK thermal model was exceedingly detailed. A 
steady state thermal model run using a restart (re-using 
black body view factors) would take approximately 112 
hour. A transient run simulating a TOM test would take 
approximately 8 hours. Often errors were discovered after 
thermal model runs had been made making the usability 
of the model difficult. For this reason, two other 
simplified models were developed of the test set up that 
would give answers more quickly. The first, a “facility- 
level” model was used for pre-test predictions of hardware 
time constants and required PID heater control constants. 
Of more use, was the second 12-node SINDAFluint, 

TSS model used for quick calculations while tests were in 
progress. This model would run in approximately 10 
seconds and would predict absolute temperature to within 
5 c .  

The thermal properties of the MLI and the SID heater can 
were modeled with a uniform property value, although the 
value was adjusted to early experiment results using the 
SID energy balance. This is effective because of the 
radiation dominance of the energy transport and the 
excellent thermal design of the SID. 

The MLI is not explicitly modeled, but accounted for 
instead by using an effective emissivity e* for the 
hardware surface protected. Differences between expected 
effectiveness of the MLI and the as-built performance are 
primarily due to MLI fabrication and installation effects. 
This is accepted flight project thermal practice because 
computing with faithful models of 30 layer MLI is not 
practical. Real world effects, such as stitching, surface 
condensation and staking, are significant and there is no 
established modeling technique to capture them. 
Standard practice, when tests are available, is to execute a 
few tests early to establish (aka tune) these parameters in 
well defined scenarios. Otherwise, bounded values based 
on prior flight project experience are used. 

The emissivity of the SID heater can inner surface is the 
significant parameter in the radiative transport from the 
heater to the SID. The surface finish and color affect the 
value. 
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Thermal Model Correlation 

The correlation process was started by first identifying the 
SID assembly's most sensitive thermal properties that 
would affect absolute temperature prediction with a 
thermal model. The simplified 12-node model was used 
for this purpose. These properties turned out to be 
Thermal Can MLI e* (e-star, or effective MLI radiative 
conductance), Thermal Can heat flux, SID mirror 
emittance, DCC emittance, Aft Thermal Can internal 
emittance, bare ULE emittance. Using the mK thermal 
model, Torlon thermal conductivity was also found to be 
a sensitive variable. Sensitivity runs were completed 
with the simplified model for most of these parameters. 

Once approximate values for each parameter were selected 
using the simplified model, the mK thermal model 
results were compared to one of the Technology Gate-8 
steady state test cases. Table 1 shows a comparison 
between pre and post-correlation thermal parameters, and 
Table 2 shows some of the relevant parameters pre- and 
post-correlation. 

Table 1 - Pre- and Post-Correlation Thermal Parameters 

Table 2 - Pre- and post-correlation temperature 
differences and rates of change on the SID. 

It was immediately apparent that the pre-correlation choice 
of e* was significantly different from what was needed to 
correlate the model. Given the Thermal Can's round 
geometry however, this value is still physically 
acceptable. Table 3 shows a comparison between thermal 
model absolute temperature predictions and TOM test 
results. 

P RT Element Test Model Delta 

SlDBCKl SID Mirror, On Back (-X) 39629 2930 2932 
SIDBCKZ SID Mirror, On Back (+X) 37237 2925 2928 
SIDBCK3 SID Mirror, On Back (-Z) 38433 2924 2925 
SlDSlDEl SID Mirror, On Back Near Edge (-X) 39628 2937 2934 
SlDSlDE2 SID Mirror On Back Near Edge (+X) 37236 2933 2931 
SIDSIDE3 SID Mirror, On Back Near Edge (-Z) 38432 2932 2929 
SlDBCKRl SID Mirror On Back Raised Portion (-X) 38796 292 8 293 3 
SIDBCKRZ SID Mirror, On Back Raised Portion (+X) 37834 292 7 293 1 
SlDBCKR3 SID Mirror, On Back Raised Portion (+Z) 40192 293 1 293 7 

Label Sensor Location Number (K) (K) (K) 

Table 3 - Absolute temperature predictions and 
experimental results. 

Transient temperature correlation focused on two main 
thermal parameters, Thermal Can heater control constants 
and material capacitance. TMG does not have a PID 
heater control routine included. It was decided that since 
the hardware had such a large time constant, that just 

simulating proportional heater control would match the 
test data good enough. The proportional constant was 
changed until the Aft and Forward Thermal Can boundary 
temperatures matched the test data closely. No further 
correlation was done until by request of the structures 
analyst, the ULE and Zerodur capacitance values were 
reduced by 5% to increase the predicted OPD. Figure 14 
shows transient model prediction both pre and post 
correlation. Absolute temperature predictions have been 
offset from raw model output by approximately 1C. 

TOM Tach Gate 8 - SI0 MIna Tempmtur~. 
inboard Bay, Na110wAng18 Teat, 6/512005 

TOM Tech Gate 8 .  SI0 Mirror d-Della-Tldt (SIOBCK3SIOBCKR2) - 
Inboard Bay, Narrow Angle Test, 6E12005 

-1 
_ _  

, 

Figure 14 - Siderostat Predicted Temperatures - inboard 
narrow angle (top). Predicted Temperature Rate of Change 
for the inboard narrow angle case.(middle). Predicted 
Temperature Gradient Rate of Change - Inboard Narrow 
Angle (bottom) 

SID Structural Modeling 

As described earlier, structural models were developed in 
I-deas from the hardware designs and were designed to 
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map integrate with the thermal models. The Compressor 
Bench FEMS were provided by ATK, who also designed 
and manufactured the Compressor Bench. The FEMs of 
the compressor optics and their support structures were 
developed at JPL and integrated with the high fidelity 
FEM of the bench that ATK provided. 

is Zerodur and has a remaining uncertainty about the sign 
(+ or -) on the CTE and a thermal cycle test has been 
proposed to determine the effect of DCC Zerodur CTE 
hysteresis on OPD performance. 

Predictions and Validation 

Because the SID is a simple optical flat with a 
retroreflector in the center, the OPD changes predicted are 
directly proportional to the thermally induced 
deformations and the experimental data can be compared 
to the model output without using an optical modeling 
tool. There is a factor of 2 to account for between surface 
deformations and OPD, because the optical path traverses 
each deformation on the SID twice-nce incoming and 
once outgoing. 

SID Model 

Figure 15 shows the FEM developed for the SID. This 
model has 47,008 elements and 168,000 nodes. The 
actuator mechanisms were modeled as elastic beams. The 
model also contained the bipod supports which in turn 
were connected with rigid elements to a ground point. 

Figures 16 and 17 show the predicted OPD variations 
with time for two the test runs, along with empirical data. 
OPD predictions were made in three different ways: 

fully modeled, in which thermal model predictions were 
made and put into the structural model to generate OPD 
outputs; partially modeled, in which an empirical value of 
OPD as a function of SID temperature was measured and 
simply multiplied by the temperatures from the thermal 
model; and empirically modeled, in which the previously 
measured dOPD/dT number was simply multiplied by the 
measured temperature changes. 

Figure 15 - SID Structural Model. 

The SID mirror material is ULE, the DCC is made out of 
Zerodur and the rest of the structure is Invar. During the 
manufacturing process it was determined that the ULE’s 
coefficient of thermal expansion (CTE) was not 
homogeneous throughout the material and thus it was 
required to develop an algorithm to allow the model to 
have heterogeneous material properties. A computer 
script was developed and successfully applied to the FEM 
to provide for varied CTE properties in the SID mirror. 

Materials 

Well established experience with certain materials e.g. 
aluminum, justifies uniformity. Most materials in the 
hardware are less well known ie Super Invar (SID bezel 
and bipods), Zerodur (DCC), and ULE (the SID mirror 
material). These are boutique materials engineered for 
zero CTE and suspected to exhibit non-uniform spatial 
properties, but no significant time dependent behavior is 
suspected in the operating temperature range. The SLD 
mirror ULE properties are known to have spatial variation 
and available measured data still has significant 
uncertainty. The SID bezel material, Super Invar, has 
questions about its CTE due to heat treatment. The DCC 

These results suggest that detailed knowledge of CTE 
values is very important in developing accurate models 
for the SID. The partially modeled and fully empirical 
predictions use the temperature difference between the 
DCC and the SID mirror, which crosses the boundary 
between two different materials, Zerodur and ULE. Both 
materials have very low CTE whose sign can be + or -, 
and which can vary from sample to sample of the 
material. Additionally, the CTE of ULE is 
inhomogeneous, and due to constraints in manufacturing 
neither the particular Zerodur nor ULE sample used in the 
SID are well characterized. Despite this, the models show 
that OPD changes can be predicted a priori to within 
about a factor of 2, which is acceptable for these 
components of SIM. Careful characterization during 
manufacture or testing at intermediate stages of fabrication 
might improve this predictive capability at reasonable 
expense. Further, the close correlation of the OPD to the 
temperature difference from the DCC to the SID might 
offer the capability of further reducing thermally induced 
errors in the completed system, even if they can’t be 
perfectly predicted prior to assembly. 
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Figure 16 - SID Optical Path Difference data and 
empirical model fit. 
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Figure 17 - SID 
See text for OPD data compared to several models. 

description of models. 

7. CONCLUSIONS 

Model Development 

These results show that the integrated modeling process 
using is working and allows thermoloptolmechanical 
modeling at levels needed for SIM. The process takes 

advantage of commercially available FEA tools without 
need for additional tool development-- only process 
development for practical work and model flow. This is 
particularly valuable in minimizing development cost and 
time that would be incurred with custom tools or 
modified commercial tools. 

In addition to benefiting from validation work that has 
gone into the commercial tools, the model and tools are 
being validated against experimental data at the precision 
required for SIM flight system development, confirming 
their applicability and usefulness for SIM. 

Model Validation for SIM 

The TOM3 testbed was successful in demonstrating the 
performance required for SIM Milestone 8 as well as 
providing models validation that allows reasonable 
margins to be assigned during flight system development. 

The thermal models using the best available inputs 
predicted the relevant parameters (peak-to-valley 
temperature change and rate of change) to within 60% 
prior to any attempts to adjust model parameters to fit the 
experimental data. For most components of interest, 
except for the DCC, the model overpredicted the 
temperature swings and rate of change. After relatively 
small adjustments that are physically reasonable, the 
model consistently matches the experimental results or 
overpredicts by 20 to 60%. The overprediction is 
preferable to underprediction because it provides margin 
against design or modeling errors. It is also preferred that 
the model overpredict by a relatively consistent amount in 
order to simplify the assignment of margins and model 
uncertainty factors. 

The structural models are fairly sensitive to accurate 
knowledge of material parameters, particularly CTE, but 
also provided performance predictions that are valuable for 
flight development. Prior to model correlation, the 
structural model of the SID underpredicted by a factor of 
about 3. After modifying the CTE of the ULE glass in 
the model to be more consistent with the properties of the 
real glass, including inhomogeneity, the model 
underpredicted by a factor of about 1.6. Although 
overprediction would be preferred, this very reasonable 
and also gives us a modeling uncertainty factor that is 
usehl for developing design margins for the flight system 
that aren't prohibitively conservative. 

These data, combined with an empirical model of the SID 
system also suggest that a combination of more detailed 
knowledge of material properties, possibly combined with 
tests at the component and subsystem level, can improve 
the fidelity of the models for use in design modifications 
or for integration into higher level models. 
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